have not yet been determined. Protein-protein docking could be used to investigate Fc-protein complexes; however, improved approaches are necessary to efficiently model such cases. In this study, a docking-based structural bioinformatics approach is developed for predicting the structures of Fcprotein complexes. Based on the available set of X-ray structures of Fc-protein complexes, three regions of the Fc, loosely corresponding to three turns within the structure, were defined as containing the essential features for protein recognition and used as restraints to filter the initial docking search.
which occurs at the hinge-CH2 interface of IgG and the CH2-CH3 interface of IgE, is the binding site for Fcγ receptors (FcγRs) and the high affinity Fcε receptor, FcεRI. The majority of interactions between these receptors and Fc have been structurally characterized by X-ray crystallography (Holdom, et al. 2011; Mimoto, et al. 2013; Mizushima, et al. 2011; Sondermann, et al. 2000) . The FcγRs and FcεRI all exhibit high sequence similarity and conserved protein folds. No similar proteins capable of binding to IgA or IgM are currently known, nor are any other proteins known to binding to this region of IgA or IgM, suggesting that this site may only be relevant for protein binding in IgG and IgE. The second site occurs at the CH2-CH3 interface of IgG and IgA, and the structurally equivalent CH3-CH4 interface of IgE and IgM. A variety of antibody receptors and pathogen-derived proteins, exhibiting a diverse range of folds, have been structurally characterized at this site in IgA, IgG and IgE (Table 1) . Although there are no IgM-protein complexes currently available, biochemical evidence suggests that both pathogen proteins and Fc receptors bind to IgM-Fc at the CH3-CH4 interface (Ghumra, et al. 2008; Ghumra, et al. 2009 ). This site, unlike the first site, is therefore of relevance for protein binding to Fc across the range of antibody isotypes. Furthermore, there are numerous proteins that have been demonstrated biochemically to interact with this site of Fc, however, the complexes for these have not yet been structurally determined. These include the interaction of Fcα/μR and pIgR with both IgA and IgM (Coyne, et al. 1994; Røe, et al. 1999; Yang, et al. 2013) , the interaction of streptococcal M and β proteins with IgA (Jerlström, et al. 1996; Johnsson, et al. 1999) , and the interaction of Duffy binding-like (DBL) domains of certain variants of the Plasmodium falciparum erythrocyte membrane antigen 1 (PfEMP1) with IgG and IgM (Rasti, et al. 2006 ). The interaction of tripartite motif-containing protein 21 (TRIM21) with IgG has been structurally characterized by X-ray crystallography (James, et al. 2007 ) and interactions of TRIM21 with IgM (Mallery, et al. 2010) and IgA (Bidgood, et al. 2014 ) have been demonstrated; however, experimental structures of the latter interactions have so far not been determined. The large size of IgM-Fc (Czajkowsky and Shao 2009; Müller, et al. 2013) , as well as the high flexibility associated with some regions of the DBL domains of PfEMP1 (Khunrae, et al. 2009 ), present particular challenges for the application of experimental methods for structure determination. Manual docking of the DBL4ζ domain of PfEMP1 to IgM-Fc (Czajkowsky, et al. 2010 ) was subsequently shown to be incorrect (Semblat, et al. 2015) , highlighting the need for automated computational methods with demonstrated predictive power.
Protein-protein docking is a computational approach whereby the structure of a protein-protein complex is predicted starting from the structures of the unbound proteins. In general, a sampling step to generate poses is performed, typically a fast Fourier transform (FFT) based grid search (Chen, et al. 2003; Gabb, et al. 1997 ), combined with one or more scoring steps, wherein the poses are ranked.
Despite considerable research into protein-protein docking, existing approaches struggle to rank highly the correct poses for the variety of protein-protein interactions, and exhibit target-dependent performance (Huang 2015) . Of particular relevance to the current study is that accurate structures for the two Fc-protein complexes in the protein-protein docking benchmark (Hwang, et al. 2010) , the complexes of IgG-Fc with Protein G (PDB 1FCC) (Sauer-Eriksson, et al. 1995) and Protein A (PDB 1FC2) (Deisenhofer 1981) , are generally challenging to predict or rank highly for the majority of docking programs (Huang 2015) . Restraints could be used to improve docking outcomes, and since many proteins target a common site of the Fc region across immunoglobulin isotypes (Wines, et al. 2012) , it could be possible to define docking restraints that are generally applicable to studying protein binding to this region. These would then form a key part of a docking protocol specifically for studying Fc-protein interactions.
In this study, we have analyzed a series of structurally characterized Fc-protein complexes to define common Fc regions involved in protein recognition. The regions defined are likely to be generally applicable for studying protein binding to the CH2-CH3 interface of IgA, IgG and IgD, as well as the CH3-CH4 interface of IgE and IgM. Utilizing the regions as restraints significantly improves the performance of rigid body protein-protein docking for predicting Fc-protein complexes.
Further improvements are achieved through utilizing an optimized scoring strategy to reduce the number of poses to a sufficiently small number for manual examination and refinement while maintaining a reasonable level of accuracy. The protocol was optimized using a set of docking runs where one or both of the Fc and the protein structures were generated by homology modelling, representing both the most realistic and challenging modelling scenario. Application to a set of cross and unbound docking cases not included in the optimization yielded similar success rates to the optimization, indicating the utility of the protocol in studying novel cases. The developed protocol will be useful for determining structurally uncharacterized Fc-protein interactions, as well as in the design of Fc-binding peptides and proteins.
Methods

Selection and preparation of structures
The X-ray crystal structures of a series of Fc-protein complexes were identified using the IMGT 3D-StructureDB (Ehrenmann, et al. 2010 ) (imgt.org/3Dstructure-DB) and obtained from the Protein Data Bank (PDB) (Berman, et al. 2000) (www.rcsb.org) ( Table 1) . The complexes included IgA-Fc, IgG-Fc and IgE-Fc crystallized with a variety of proteins from pathogens as well as human effector proteins.
Complexes were selected where the pathogen/effector proteins were bound to the CH2-CH3 interface of IgA and IgG, or the CH3-CH4 interface of IgE. Structures were checked for missing residues prior to docking using the Protein Preparation Wizard in Maestro 9.3 (Schrödinger). Hydrogen atoms were not considered in docking. The receptor and ligand structures were separated and the ligand subjected to random rotation and translation, to shift it from its starting coordinates; this was performed manually using the Local Transformation tool in Maestro.
Identification of common Fc regions involved in interactions
The DIMPLOT module of LigPlot+ v.1.4 was used to identify hydrogen bonding and van der Waals interactions in the crystal structures (Laskowski and Swindells 2011) . The strands, turns and loops of the Fc domains that the interacting residues were part of, according to their IMGT definitions (Lefranc, et al. 2005) , were identified. Guided by both the IMGT definitions of Fc secondary structure regions and the residues involved in interactions in the Fc-protein crystal structures, new Fc regions were defined representing the portions of the Fc most involved in Fc-protein interactions. These were then used as restraints to filter the docking results.
Rigid body protein-protein docking
Rigid body protein-protein docking was performed using ZDOCK 3.0.1 (Pierce, et al. 2011) . No regions of the ligand or receptor were blocked in the docking simulation. Dense ligand sampling was performed and the entire set of 54000 poses was retained. In all cases, the Fc was treated as the "receptor" (fixed in location) and the protein binding to the Fc treated as the "ligand" (mobile).
Although flexibility in Fc has been reported and investigated, particularly for IgE (Wurzburg and Jardetzky 2009), the rigid body approximation was deemed an appropriate treatment for Fc, since a survey of available Fc structures indicates antibody isotypes largely adopt a conserved angle between the CH2-CH3/CH3-CH4 domains ( Figure S1 ); variations to the angle are typically associated with alterations to Fc glycosylation, mutations to Fc residues, and protein binding to the hinge-CH2/CH2-CH3 site (i.e., binding of Fcγ receptors and FcεRI to IgG and IgE respectively). To evaluate pose quality, the ligand RMSD (l_RMSD) and the interface RMSD (i_RMSD) were calculated for each ligand pose compared to the reference structure of the ligand in complex with Fc. The l_RMSD was calculated on all backbone atoms of the ligand (after superimposing the receptors). The i_RMSD was calculated on all backbone atoms for ligand residues within 10 Å of the Fc in the reference structure.
Poses with an i_RMSD of less than or equal to 4.0 Å were considered to represent good quality solutions. This cutoff captures the majority of higher quality solutions considered at least "acceptable" according to the CAPRI criteria (Lensink and Wodak 2009) , and was used as the primary quality metric to indicate docking success. Poses with an i_RMSD greater than 4.0 Å and an l_RMSD of less than or equal to 10.0 Å were considered to represent approximate solutions. This cutoff captures the majority of lower quality solutions still considered "acceptable" in CAPRI. Although upon inspection such solutions may not appear to accurately reproduce a given complex, they may be improved to a higher quality solution following the application of a refinement procedure (Schindler, et al. 2015) . Thus, this cutoff was used as a secondary quality metric of docking success, applied only to docking runs where no poses satisfying the primary quality metric of docking success were identified by the ZDOCK sampling.
Cognate bound docking, cross-docking and docking with homology models were carried out.
Cognate bound docking represents the most trivial scenario, where it is attempted to reproduce a given complex using both the ligand and receptor structures from that complex. Cross-docking is less trivial; in this scenario, it is attempted to reproduce a given complex using ligand and receptor structures obtained from different experiments. The most challenging scenario is docking with homology models, due to the difficulty in producing the binding conformation of a given protein with a homology model.
In this scenario, homology models of either or both the ligand and receptor were prepared against their nearest suitable templates and docking was carried out to reproduce the complex. For this part of the study, three complexes were focused on, those of IgG-Fc with TRIM21 (PDB 2IWG), IgE-Fc with FcεRII (PDB 4EZM) and IgA-Fc with SSL7 (PDB 2QEJ). These were selected to have equal representation of the various Ig subtypes, but also because it was possible to identify suitable templates for homology modelling of the ligands. Various combinations of ligand and receptor structures gave rise to a total of 21 docking combinations aiming to reproduce these complexes.
Homology modelling procedure
Model building was performed using the Structure Prediction Wizard in Prime. To model the ligands, the most appropriate template with a sequence identity of no greater than 50% was selected. SSL7 was modelled against SSL11 (PDB 2RDH) (Chung, et al. 2007) . FcεRII was modelled against the structure of DC-SIGN complexed to LNFP-III (PDB 1SL5) (Guo, et al. 2004) . TRIM21 was modelled against the PRYSPRY domain of the human pyrin b30.2 (PDB 2WL1) (Weinert, et al. 2009 ). Minor manual adjustments to alignments generated were made to ensure that gaps were not present in regions predicted to have helix/sheet secondary structure. Some structural gaps were not closed during model building; these were closed by inserting bonds and optimizing the region using the Structure Sculpting tool in Maestro. IgA Fc, IgE Fc and IgG Fc models were prepared using each of the other Ig-Fc structures as templates. Fc dimers were generated by overlaying the modeled monomers to the template used, then checking the dimer interface for atomic overlaps and clashes. All intermolecular steric clashes below 2.0 Å in length (as given by the Protein Reports tool) were fixed using the Structure Sculpting tool, followed by Prime Minimization of the entire structure. Modeled proteins were numbered to be consistent with the relevant reference structures and then used for docking. Quality metrics for the models are provided in Supplementary Table S2 .
Optimizing application of Fc-based distance restraints
The results obtained from docking with homology models were used to optimize the application of Fcbased distance restraints. This modelling scenario represents what would be undertaken to predict the majority of the unknown Fc-protein interactions. The pyDockRST module of pyDock was used to identify the number of Fc-based distance restraints satisfied by each pose in each of the docking runs (Chelliah, et al. 2006) . Although this procedure was designed to be used in conjunction with the pyDock scoring function (Cheng, et al. 2007) , it is convenient to use for this purpose as it is capable of generating protein-ligand complexes "on-the-fly" from the list of rotations and translations converted from ZDOCK. For pyDockRST, the user provides a list of restraining residues, that is, residues from either or both of the ligand and receptor that are expected to be at the protein-protein interface.
Distance restraints are deemed to be satisfied if any part of the ligand/receptor occurs within 6.0 Å of the restraining residue. In this study, only distance restraints from the Fc region are used, which, by definition (see Methods section Protein-protein docking), is the receptor; thus, restraints are satisfied when any part of the protein binding to Fc (which, by definition, is a ligand) comes within 6.0 Å of a restraining residue.
Since it is not possible for poses to satisfy all of the available restraints at once, nor do the poses satisfying the greatest number of the restraints strictly correspond to the correct poses, the number of restraints applied to filter the poses was optimized. This was done by selecting poses from the initial set generated by ZDOCK that satisfied at least a given number of restraints, starting from one and incrementally increasing the number of restraints applied. For each increment in the number of restraints applied, it was determined for what percentage of cases a successful pose (i.e., the success rate) was found within specific ranges of top ranking poses; the top 1, 2, 5, 10, 20, 50, 100, 200, 500 and 1000 poses were considered.
Optimization of scoring
The results obtained from docking with homology models and filtered by the optimized number of restraints were re-ranked using a wide range of scoring functions suitable for investigating proteinprotein interactions (Moal, et al. 2013) . The naming of the functions follows that previously published in their evaluation against the general protein-protein docking benchmark available at the time (Moal, et al. 2013 ) and as used in the CCharPPI server (Moal, et al. 2015) . The performance of the scoring functions was assessed by determining the success rates within specific ranges of top ranking poses, in a similar fashion to the optimization of the restraints. Additionally, the area under the success rate plots up to the top 100 ranked poses was computed as a secondary evaluation of the scoring functions. This area provides a single-value metric in assessing pose prediction performance, and is useful for both identifying scoring functions that are particularly good at consistently ranking successful poses more highly and for providing greater discrimination among scoring functions that give identical success rates within given numbers of ranked poses. The area calculated was expressed as a percentage of the maximum possible area, for simpler comparison.
To further optimize the ranking of successful solutions, top ranked poses from multiple scoring functions were pursued. The top 5, 10, 15, 20 and 25 poses from all possible combinations of three different scoring functions were assessed to find combinations of scoring functions that could identify successful poses in the majority of the cases. Combined sets of poses providing the highest success rate using the smallest number of poses were desired. The set of poses selected by the optimal combination of scoring functions was then re-ranked according to all of the other functions. This was performed to identify a single scoring function to use for ranking the selected poses, as well as to further improve the ranking performance. The best function for the re-ranking was selected by determining the area under the success rate plots up to the top 50 poses. The re-ranked poses were then clustered using a 3.0 Å l_RMSD threshold, with the best ranking representative of the cluster (i.e., lowest energy according to the final scoring function used for re-ranking) reported.
The optimized docking and scoring protocol was verified by application to the cross-docking and unbound docking cases, which were not included in the optimization. The full set of IgA and IgE cases was examined here, however, a subset of IgG cases were examined (described in Supplementary Material).
Results
Identification of common Fc regions involved in interactions
The Fc residues involved in protein recognition in each of the Fc-protein complexes were highlighted on a sequence alignment, revealing regions of general importance for protein recognition by the variety of Fc isotypes (Figure 2) . Following the IMGT definition of strands, loops and turns within C domains (Lefranc, et al. 2005) , the locations involved in recognition loosely correspond to the CH2 AB turn, the CH2 E strand, the CH2 F strand and the CH3 FG loop. However, for the purpose of defining key Fc regions involved in protein recognition, the IMGT regions are not perfect. There are residues in some complexes that fall just outside the definitions of the CH2 AB turn and the CH3 FG loop, suggesting that some adjustments to these regions could improve their ability to describe Fc-protein recognition.
The involvement of residues from the end of the CH2 E strand and the beginning of the CH2 F strand suggests that a new region that better describes protein recognition could be defined with residues from both of these. Based on these observations, three new regions, designated Region I, Region II and Region III, were defined (Figure 2 ). Region I includes the residues from the CH2 AB turn, as well as those two residues before and three residues after the turn (16) (17) (18) .
Region II covers a continuous sequence of residues in the CH2 E and CH2 F strands involved in recognition in at least one of the crystal structures (IMGT numbering 90-101), with the exception of Trp96. This residue is conserved across Fc isotypes in both the CH2 and CH3 domains and is occluded from protein binding, suggesting it is of importance in folding these domains. Region III includes all residues from the CH3 FG loop, excluding the first two residues, as well as the first residue of the CH3 G strand (IMGT numbering 107-118). There are some residues involved in recognition in some complexes just outside the definition of Region III. However, this definition was chosen as positions 106 and 119 are never involved in recognition, making them convenient limits for the region.
The three regions identified typically include a total of approximately 30 residues. Since these regions capture the majority of contacts in the known Fc-protein complexes, these regions provide a general set of restraints to be applied when studying binding of proteins to the CH2-CH3/CH3-CH4 interface of Fc. The regions are highlighted on the structure of the Fc in Figure 3 .
Sampling accuracy in rigid body Fc-protein docking
The sampling accuracy for rigid body docking by ZDOCK for each of the docking scenarios is summarized in Figure 4a . In cognate bound docking, ZDOCK could sample poses with very high accuracy, with an i_RMSD of ~1.0 Å observed for all cases (Table S3) .
Solutions satisfying the primary quality metric are sampled in the majority of cross-docking and unbound docking cases (Tables S4-S6 ). The most challenging cases in this scenario occur when attempting to reproduce the complex of Protein G with IgG-Fc. In particular, utilizing the native structure of Protein G (Frericks Schmidt, et al. 2007 ) often resulted in the failure to sample any poses satisfying the primary quality metric, although poses satisfying the secondary quality metric could be identified. The difficulty in sampling Protein G on the IgG-Fc structures is most likely a result of the small contact area between Protein G and IgG-Fc, as well as side-chain variations between alternative structural forms of Protein G and IgG-Fc. Utilizing IgG-Fc structures bearing alternative glycoforms (Crispin, et al. 2009 ), as well as those featuring proteins bound at alternative sites (Duquerroy, et al. 2007; Mizushima, et al. 2011) , both of which would be expected to influence the global IgG-Fc conformation, generally does not appear to affect ligand sampling accuracy.
Solutions satisfying the primary quality metric are also sampled in the majority of docking simulations where one or both of the protein structures have been produced by homology modelling (Tables S7-S9 ). Across all of the cases, sampling was generally more successful when an experimentally determined structure for the ligand was used in the docking. This is expected, since a ligand structure generated by homology modelling will not be identical to an experimentally determined structure. The most challenging cases were those attempting to reproduce the complex of FcεRII with IgE-Fc. In addition to the effect on sampling quality introduced by using a ligand structure obtained from homology modelling, the quality of the best sampled FcεRII pose also decreased as the angle between the CH3 and CH4 domains of the Fc increased; that is, moving from the relatively acute bend of IgE (on average, approximately 80°) to the more obtuse bends of IgA (~100°) 
Distance restraints based on known binding regions improve modeling of Fc-protein complexes
The effect of applying a gradually increasing number of restraints to filter the poses was examined. The optimization was only applied to the most challenging and arguably most relevant case of docking with homology models. The results are summarised in Figure 5a , and detailed in Table S10 .
Using the restraining residues as filters, significant improvements are made in the success rates within the top 1000 ranked poses. Filtering to poses satisfying at least one of the restraints improves the success rate within the top 1000 ranked poses from nine (~40%) to thirteen (~60%) out of the 21 cases.
As the number of restraints applied increases to five, the success rate within the top 1000 ranked poses further increases to 18 out of the 21 cases (~85%). When the number of restraints applied is increased to eleven, just over one third of the total number of restraints provided, solutions satisfying either the primary or secondary quality metrics are identified for all cases within the top 1000 ranked poses. In the majority of cases, poses satisfying the primary quality metric are retained. Additionally, some modest improvement in the earlier rankings is observed, with the success rate of the top 50 ranked poses now equaling that observed within the top 1000 ranked poses without filtering (~40%).
Increasing the number of restraints applied beyond eleven eliminates all solutions satisfying both the primary and secondary quality metrics in some cases (not shown). In general, between 1000-4000 poses are retained following filtering. Lower numbers of poses are retained for proteins where the interaction is less strictly focused on the Fc regions defined (most notably here, FcεRII).
Scoring optimization
The top 1000 poses from the homology model-based docking experiments satisfying eleven or more of the Fc-based restraints were rescored using a large selection of scoring functions. Compared to the initial ZDOCK results, the majority of scoring functions provide at least some improvement in the success rate (Table S11 ). This is expected as the poses initially generated by ZDOCK have not been filtered, whereas the poses analyzed by the scoring functions have been filtered to a very specific set.
No single scoring function is able to improve the ranking of poses satisfying either of primary or secondary quality metrics beyond the top 500 poses in all cases. However, several scoring functions are able to improve the docking success rate quite significantly within the top 20 ranked poses. The best performing individual scoring functions are AP_T2, AP_T1, CP_ES3DC_MIN and CP_ZS3DC_MIN (Figure 5b ), affording success rates within the top 20 ranked poses of 40-60%.
Since different scoring functions may be more or less suitable for studying particular cases, selections of top ranked poses were made from multiple functions in order to improve the success rates further. Several combinations of poses were identified that could provide a success rate of 85% within a selection of 45 or more poses (Table S12 ). Within the range of poses examined, three combinations could achieve success rates of 90%; these were combinations of AP_T2 (Tobi 2010) and NSC (Mitra and Pal 2010) with either CP_ES3DC_MIN, CP_EPAIR_MIN or CP_ZS3DC_MIN (Feliu, at al. 2011) .
The AP_T2/NSC/CP_ZS3DC_MIN combination requires a minimum of 70 poses (25 from AP_T2, 20 from NSC and 25 from CP_ZS3DC_MIN) in order to achieve a 90% success rate, whereas the combination of AP_T2 and NSC with either CP_ES3DC_MIN or CP_EPAIR_MIN requires a minimum of 60 poses (20 from AP_T2, 20 from NSC and 20 from either CP_ES3DC_MIN or CP_EPAIR_MIN). As CP_EPAIR_MIN has lower rates of success within the higher rankings compared to CP_ES3DC_MIN (see Table S11 ), the combination of AP_T2, NSC and CP_ES3DC_MIN was preferred. Within the range of poses selected by each scoring function, AP_T2 identifies successful solutions for 12 out of the 21 cases (~60%), NSC for a further four cases (~20%) and CP_ES3DC_MIN for a further three cases (~15%). Thus, successful solutions are able to be identified for nearly all of the cases -19 out of 21 -by selecting a relatively small number of poses from multiple scoring functions. The two cases for which no poses satisfying either of the quality metrics are able to be identified are generally challenging for all of the scoring functions examined.
There are also some examples where successful solutions are identified by two of the scoring functions. Successful solutions are identified by both AP_T2 and CP_ES3DC_MIN in six cases (~30%), while successful solutions are identified by both AP_T2 and NSC in just one case. There are no cases for which successful solutions are identified by all three scoring functions, nor is there any overlap in solutions identified by CP_ES3DC_MIN and NSC.
For each of the test cases, the 60 poses selected by the three scoring functions were reranked according to all of the other functions, in order to identify a single function by which to rank the selected poses. Five scoring functions provide standardized areas under their success rate plot greater than 60%, and all of these functions perform similarly over the range examined. The CP_ES3DC_CB function was chosen as it afforded the highest success rate within the top 10 poses (Table S13) . At a practical level, this scoring function was also chosen as it is computed at the same time as CP_ES3DC_MIN, thus reducing the number of computations needed to be undertaken.
Following the reranking, the poses were clustered, which typically reduced the set of poses selected by 25-50% and provided a slight improvement in the success rate (data not shown). The resulting protocol provides a successful solution for 16 out of the 21 cases (~75%) within the top 20 selected poses (Figure 6a) , representing a significant improvement over the initial unrestrained docking, for which the success rate within the top 20 poses was approximately 20%. In the majority of cases, there is at least one pose identified that satisfies the primary quality metric ( Table 2 ). The final protocol is summarized in Figure 6b , and examples of poses selected by the procedure for the optimization cases are shown in Figure 7 .
Application of protocol to cross-docking and unbound docking cases
The protocol was then applied to a set of cases against which it had not been optimized -the crossdocking and unbound docking cases. This set included complexes for which no similar analogues were present in the training set. The results are summarized in Figure 8 , and detailed in Table 3 . In unrestrained rigid body ZDOCK docking, a similar level of performance is observed for these cases compared to the docking with homology models scenario. Filtering the ZDOCK docking runs using the Fc-based restraints markedly improves the ranking of successful poses for the majority of cases, particularly within the top 20 ranked poses, where successful poses are identified in 11 of the 19 cases (~60%). Rescoring using the optimized scoring strategy affords a further improvement; successful poses are identified within the top 20 ranked poses in 15 of the 19 cases (~80%). Of particular note are large improvements in the ranking of successful solutions in each of the IgE-FcεRII cases. The rescoring procedure is able to bring successful solutions for all three of these cases to the top 10 ranked poses, whereas prior to rescoring, most of these fall well outside the top 20 ranked poses. In both docking predictions involving the native FcαRI to IgA-Fc, as well as the docking of Protein G to the native IgG-Fc (PDB 1FC1), successful solutions were unable to be selected following rescoring. The problems with these cases reiterate those observed during the optimization for complexes with small contact areas, as well as those featuring structural rearrangements of protein loops upon binding.
Nonetheless, the ability of the docking protocol to find poses for the majority of the IgG-Protein G pairs evaluated is particularly encouraging, and suggestive of the likely success in unknown cases.
Selected structures are shown in Figure 9 .
Discussion
This study has identified several points of consideration for docking unknown cases to Fc. The first is that there appears to be a marked impact of the bend between the CH2-CH3/CH3-CH4 interface on the sampling accuracy, but only when moving from a more acute bend to a more obtuse bend. This is of particular importance for docking to IgM-Fc, where the structural data relating to this is of low resolution (furthermore, no structures of monomeric IgM-Fc are currently available). The observation that sampling accuracy is adversely affected when moving from an acute to an obtuse bend (e.g., to dock FcεRII to an IgE-Fc modelled in an IgG-like conformation) but not the other way around (e.g., to dock TRIM21 to an IgG-Fc modelled in an IgE-like conformation) suggests that, for docking, it may be preferable to model the bend of IgM-Fc as acutely as allowed by the experimental data. It is likely that a more acute bend permits greater exposure of amino acids at the interface, thus facilitating good quality outcomes in docking. The second is that it appears to be more difficult to identify good quality poses for smaller proteins compared to larger proteins. This is presumably related to the greater contact area in the interface that a larger protein will make with Fc compared to a smaller protein. Furthermore, inaccurate conformations of interface side-chains are likely to have a greater impact on the binding mode predictions of small proteins compared to larger ones, since in the latter case, a small number of incorrectly modelled specific interactions might be overcome by other interactions in an expectedly larger interface. However, larger proteins are not without their own challenges, and as observed in docking the two Fc receptors, FcεRII and FcαRI, the conformation of the loops involved in binding can significantly affect the quality of the binding modes predicted. The affinity of larger proteins may also have an impact on the success of the docking. The structures of proteins exhibiting high affinity for Fc, SSL7 and TRIM21 (with affinities in the low nanomolar range), were generally well predicted, while the complexes of the lower affinity Fc receptors (with affinities in the low micromolar range) were more challenging to predict. For lower affinity interactions, it may be desirable to incorporate ligandbased knowledge into the docking protocol, if available, by applying a ligand-based filter prior to rescoring, in addition to the receptor-based filter already employed. For instance, knowing that the binding domain of Fcα/μR is likely to adopt an immunoglobulin V-like fold (Shibuya, et al. 2000) , recognition of Fc by this receptor is likely to involve the CDR-like regions of this domain, which could be used as a ligand-based filter in docking; mutagenesis studies have also verified the importance of these regions for Fc recognition (Yang, et al. 2013 ).
This study has reiterated one of the key observations in the docking literature, in that there is as yet no scoring function that can accurately reproduce the free energy of binding (Kastritis and Bonvin 2012; Yuriev, et al. 2011) . This has several implications. One is that it is pertinent to consider poses obtained from multiple scoring functions, particularly those exhibiting complementary strengths. The three scoring functions selected here include an atomic contact potential (AP_T2), a coarse-grained statistical potential (CP_ES3DC_MIN) and a measure of surface complementarity (NSC). An atomic contact potential considers details at the atomic level, and is likely to have the greatest success when applied to interactions involving minimal conformational change in the interacting partners, as well as accurate homology models. A coarse-grained potential is likely to be less sensitive to structural variations of the interacting partners, and may therefore be more suitable to predict more flexible interactions, as well as those involving less accurately modelled proteins. Incorporating poses from both of these types of potentials is likely to afford at least one accurate pose for the majority of docking situations, as we have observed here. Another implication of the lack of a perfect scoring function is that the final decision as to which pose within the set of potential poses represents the true or closest binding mode remains non-trivial; some knowledge of the binding interface of the interacting proteins is also necessary to make this decision. Previous docking studies on the interaction of proteins and peptides with Fc have typically utilized knowledge of specific residues, either inferred from crystallographic structures or derived from biochemical studies, in predicting the complexes with Fc (Karaca and Bonvin 2011; Wang, et al. 2014; Yang, et al. 2010; Zacharias and Schneider 2012) . We have taken a similar approach in this study, identifying restraints by considering the Fc regions most frequently contacted in known Fc-protein complexes. However, rather than consider specific residues from the regions, we have used entire segments from the Fc domains, selecting poses in proximity to a certain number of the residues from the regions -but not any specific residues -in the initial round of filtering. This type of filter has an advantage in that knowledge of specific residues involved in recognition is not strictly required. We have shown that this type of filter can significantly reduce the set of poses for further processing with minimal loss of accuracy, while being adequately nonprescriptive that it can be applied to study the full range of Fc-protein recognition scenarios. Ligandbased knowledge may be valuable in determining the true binding mode from the set of possibilities.
It is important to emphasise that in this study that we have only considered rigid body placement, and have not performed further refinement of solutions. Since refinement procedures typically take into account some degree of flexibility of the interacting partners, they can introduce considerable computational expense, and thus, their use is generally restricted to a limited number of poses, rather than in the initial search for potential solutions as has been the primary focus of this work.
The optimized docking and scoring protocol demonstrated here provides a high success rate within the top 20 ranked poses, which would be a sufficiently small number to consider for refinement.
Techniques such as rigid body optimization (Mirzaei, et al. 2012) , normal modes analysis (Carrington and Mancera 2004; Moal and Bates 2010; Tama, et al. 2000) , as well as loop and side-chain resampling (Krivov, et al. 2009; Zhu, et al. 2007) , could be applied to refine the poses selected by the protocol described here, as well as more computationally intensive scoring strategies such as MM-GB(PB)/SA (Kollman, et al. 2000; Ryde and Genheden 2015; Tajne, et al. 2012; Xu, et al. 2013) , and ideally, would further improve the ranking of good quality solutions.
Conclusions
We have developed a framework utilizing rigid body docking and rescoring for predicting protein binding to the CH2-CH3/CH3-CH4 interface of Fc based on consideration of the range of available moderate to high resolution structures. The most notable performance is observed within the top 20 poses, for which the success rate was 75-80% for the systems evaluated, representing a significant improvement over the initial unrestrained docking, for which a success rate of only 20% within the top 20 poses was obtained. The protocol will be valuable for predicting protein binding to this site on all immunoglobulin isotypes, and may be useful in the design of Fc-binding peptides. 
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